In Chile, 60% of the usable land is affected by erosion and the effects of rock fragment cover, however protecting the soil against these degradation processes have been sparsely studied. Understanding the effects of rainfall intensity and rock fragment cover on soil hydrological processes is a major challenge for the formulation and implementation of proper soil conservation plans. The effects of rock fragment cover on soil erosion rate, surface runoff, sediment concentration and infiltration rate were studied on a Cambisol in Central Chile using the CAZALAC rainfall simulator. Nine rainfall simulations consisting of different combinations of rainfall intensities (70 mm h -1 , 90 mm h -1 , and 120 mm h -1 ) and rock fragment cover (0%, 40%, and 70%) were carried out. Rock fragment cover contributed to delay the time to start surface runoff and the amount surface runoff was in most of the cases directly proportional to rainfall intensity and inversely proportional to rock fragment cover percentage. Rock fragment cover reduced surface runoff in up to 72.06% in the case of the highest rainfall intensity. Final infiltration rate increased directly proportional to the percentage of rock fragment cover for each of the studied rainfall intensities. Erosion rate tended to be reduced by rock fragments (82.2% of reduction in the case of the highest rainfall intensity and rock fragment cover), but this positive effects were not always proportional to rock fragment cover percentage. In general, lower sediment concentrations were found in covered soils (more than a tenfold reduction in the case of 120 mm h -1 rainfall intensity).
Introduction
Soil hydrological processes include phenomena such as soil erosion, runoff generation, water infiltration, solute transport and water flow. Soil erosion is a major environmental concern in agricultural regions, especially in hilly areas and sloping farmlands (Wang et al., 2012) and poses a serious problem affecting the productivity of agricultural land. Soil erosion is one of the major agricultural-environmental problems in Chile too, where estimated areas of about 49.1% of the Chilean national territory and 60% of the usable land are affected by this phenomenon (CIREN, 2010; Ellies, 2000) leading to significant loss of land productive capacity (Olivares et al., 2011) . Accelerated soil erosion in Chile is a consequence from unsustainable land uses (removal of vegetation cover, compaction, loss of organic matter) (Yang et al., 2015) and is also favored by the very hilly landscape and annual irregular distribution of rainfall (Ellies, 2000) . In Central and South Chile 5-8% of the annual precipitation (from 500 to 2500 mm y -1 ) has a high kinetic energy and the range of erosivity oscillates between 27 and 35 Mega joule ha -1 mm -1 (Ellies, 2000) . Rainfall intensity has been found to be one of the most important factors affecting soil erosion and surface runoff (Serrano-Muela et al., 2013) , especially in the case of extreme events, which may produce high levels of soil erosion over short periods (Cerdá et al., 2016) .
The surface cover of rock fragments also affects the intensity of various soil degradation processes (Wang et al., 2012) . Many studies have addressed the relationship between rock fragments and soil hydrological processes such as soil erosion and runoff generation (Poesen et al., 1999; Rieke-Zapp et al., 2007; Zhang et al., 2016) . Rock fragments includes particles 2 mm or larger in diameter with horizontal dimensions less than the size of a pedon (Miller and Guthrie, 1984) . The presence of rock fragments may modify soil physical-chemical properties, affecting hydrological and erosional processes and, thus, influences plant growth (Poesen et al., 1999; Cousin et al., 2003; Wang et al., 2013) . According to Poesen and lavee (1994) rock fragments may help in preserving soils in eroding environments by protecting them against raindrop impact and flow detachment, reducing the physical degradation of the eroding surface and retarding the overland flow velocity. Rock fragments increase hydraulic roughness and friction, leading to decreases in surface runoff and sediment accumulation (Rieke-Zapp et al., 2007) . They also increase the macroporosity of the soil and therefore the infiltration capacity, leading to decreased soil loss and runoff (Li et al., 2017) .
Regarding the hydrological responses, rock fragments may restrict the movement of water in the soil by reducing the cross-sectional area available for flow and by increasing the tortuosity of the medium (Zhou et al., 2011; Wang et al., 2012) . They also create new voids, thereby increasing infiltration rates (Wang et al., 2012; Li et al., 2017) . Rock fragment cover has been used for erosion control worldwide with contrasting results. Constantz et al. (1988) reported reduced water infiltration and increased runoff generation led by rock fragments, whereas Poesen et al. (1999) , in a study at different spatial scales reported that the relationship between rock fragments and sediment production by rill erosion was negative. In a study carried out by Dadkhah and Gifford (1980) , water infiltration increased with increased coverage of rock fragments on noncompacted soils, whereas water infiltration decreased on those that were compacted.
Controlling soil hydrological processes and combating soil erosion under different agroecological conditions should be among the first priorities for practicing a more sustainable agriculture in the country.
Rock fragments are local, inexpensive materials that may be easily managed and applied to control erosion.
The effects of rock fragment cover on hydrological processes depend on rainfall intensity, topsoil structure and position of rock fragments (Brakensiek and Rawls, 1994) , soil type, hill slope gradient, rock fragments amount and distribution among many others (Poesen et al., 1999) .
According to Zhang et al. (2016) (Ziadat and Taimeh, 2013) .
Studying soil hydrological processes and erosion rates under natural rainfall conditions is both, timeconsuming and costly (Sheridan et al., 2008) . Among the existing tools for studying erosion and surface runoff, rainfall simulators offer interesting features, especially in terms of cost effectiveness. A rainfall simulator allows generating rainfall in a controlled environment (known intensity, working pressure, duration), facilitating the assessment of superficial runoff and soil loss (Martínez-Mena et al., 2001 ). They may be used both under field or laboratory conditions, and among their advantages, the following may be mentioned: relatively low cost, the ability to collect data quickly and the ability to investigate many processes and treatments efficiently (Sheridan et al., 2008) . Data provided by rainfall simulation and static site measurements can also be used to predict erosion rates (Sheridan et al., 2008; Martínez-Mena et al., 2001 ). The main disadvantage of rainfall simulation is that it takes place at a single point in time over a relatively small area and under fixed experimental conditions (Sheridan et al., 2008) . In the present study, we utilized the CAZALAC simulator, developed by the
Water Center for Arid and Semi-Arid Zones in Latin
America and the Caribbean (CAZALAC). In Chile, it has been used mainly to study rainfall erosion at the local level and to compare distinct methods of measuring soil loss (Verbist et al., 2009; Baert, 2005) .
Thus, the main goal of the present study was to assess the effects of rock fragment cover and rainfall intensity on soil hydrological responses (Surface runoff, infiltration rate, soil erosion rate and sediment concentration) in Central Chile and therefore support the formulation and implementation of proper soil conservation plans.
Material and Methods

Study site
The study 
Rainfall simulation
Artificial rainfall was distributed over the study plots 
Calibration
Different working pressures were tested before using the simulator on the field. The pressure that provided the most homogenous distribution and wet radius in the absence of wind was 100 kpa. Median drop size was 2.2 mm and wet radius was approximately 1.6 m.
Rainfall uniformity was controlled using the Chris- (1)
Where:
X is the height of the water registered for each container.
is the mean height of the water registered for all containers.
Mean rainfall uniformity was 85 ± 2.2%. These values are considered acceptable according to Martínez-Mena et al. (2001) .
Rainfall simulation
Nine rainfall simulations, consisting of different com- 
Data analysis
The data was normally distributed. Results were subject to two-way analysis of variance (ANOVA) and mean separation was done by Duncan's multiple range test at 5 % level of significance to determine significant differences among treatments. 
Results
Surface runoff
In our study, the beginning of surface runoff tended to be influenced by rock fragment cover but not by rainfall intensity (Figure 2 ). Different letters within a row and column indicate significant differences at the 5% level.
Regarding the effect of rock fragments in reducing runoff, it seems that its efficiency depends on rainfall intensity (Table 1, Figure 3 ). For example for rainfall intensities of 70 mm h -1 and 90 mm h -1 , a significant reduction of surface runoff with respect to bare soils was observed only in the case of 70% of rock fragment cover. In the case of 120 mm rainfall, both rock fragment covers (40% and 70%) were effective for reducing runoff in comparison to bare soil. The positive effects of rock fragment cover on reducing surface runoff were also evident in the fact that soils with greater rock fragment cover, for each rainfall intensity, tended to show higher infiltration rates (Table 2) . 
Infiltration rate
The positive effects of rock fragment cover on reducing surface runoff show that soils with greater rock fragment cover are more readily infiltrated. This is confirmed by the final infiltration rate assessment. In our study final infiltration rate increased directly proportional to the percentage of rock fragment cover for each of the studied rainfall intensities (Table 2) . Table 2 . Effects of rainfall intensity and rock fragment cover on final infiltration rate (mm h -1 ).
Different letters within a column indicate significant differences at the 5% level.
The minimum values for final infiltration rate were observed in the case of bare soils and 70 mm h -1 rainfall intensity and the maximum value was observed for 70% rock fragment cover and 120 mm h -1 rainfall intensity. Compared with bare soils, rock fragment covers of 40% and 70% increased final infiltration rate by 16.5% and 24.3% respectively in the case of 70 mm h -1 and 24.9% and 32.3% respectively in the case of 120 mm h -1 rainfall intensity.
Erosion rate
The rock fragment cover on the soil surface significantly reduced erosion rate in the case of 90 mm h -1
and 120 mm h -1 rainfall intensities but not in the case of 70 mm h -1 (Table 3 , Figure 4 ). At high rainfall intensity (120 mm h -1 ), 70% rock fragment cover reduced erosion rate from 3.98 g m -2 min -1 to a negligible value of 0.71 g m -2 min -1 (82.2% of reduction). Even at 40% rock fragment cover a significant reduction compared with bare soils was observed. Erosion rate was reduced by rock fragment cover only in case of 90 mm h -1 and 120 mm h -1 rainfall intensities (Table 3) Table 3 . Effects of rainfall intensity and rock fragment cover on erosion rate (g m -2 min -1 ).
Different letters within a row and column indicate significant differences at the 5% level. ) and rock fragment covers (RFC 0%, 40%, and 70%).
Sediment concentration
In general, lower sediment concentrations, for different rainfall intensities, were found in covered soils (Table 4) . Sediment concentrations were strongly reduced from 20.6 g L -1 in the case of bare soil to only 2.09 g L -1 at 120 mm h -1 rainfall intensity. This means more than a tenfold reduction.
In the cases of lower rainfall intensities, the reduction was not as dramatic, but equally effective. 51% and 85% reduction in the case of 40 and 70% rock fragment cover at 70 mm h -1 rainfall intensity and 56.7%
and 74.3% of reduction in the case of 40 and 70%
rock fragment cover at 120 mm h-1 rainfall intensity. Table 4 . Effects of rainfall intensity and rock fragment cover on sediment concentration (g L -1 ).
Discussion
Surface runoff
Our findings agree with the results of Poesen et al. (1990 ), Cerdá (2001 and Wang et al. (2012) , who demonstrated that both surface runoff and infiltration were affected by rock fragment cover. Our results also agree with those presented by Wang et al. (2012) , regarding the delay in the initiation of surface runoff produced by increasing rock fragment cover area, regardless of rainfall intensity. This decrease and delay on initiation of surface runoff can be attributed to increased soil surface roughness, reduced crosssectional area and increased tortuosity produced by rock fragments on the soil surface (Van Wesemael et al., 1996; Cerdá, 2001; Wang et al., 2012) , which in turn increases detention of surface runoff. According to Rieke-Zapp et al. (2007) , rock fragments increase hydraulic roughness and friction, leading to decreases in surface runoff and sediment accumulation. They also increase the macroporosity of the soil and therefore the infiltration capacity, leading to decreased soil loss and runoff (Li et al., 2017) . Regarding the hydrological responses, rock fragments may restrict the movement of water in the soil by reducing the crosssectional area available for flow and by increasing the tortuosity of the medium (Zhou et al., 2011; Wang et al., 2012) .
Infiltration rate
Regarding the infiltration rates, our results agree with According to Wang et al. (2012) , rock fragments, besides reducing the cross-sectional area and increasing the tortuosity, create new voids, thereby increasing infiltration rates in the soil. The effects of rock fragment on infiltration rates also depend on the type and structure of the soil and the type and position of the rock fragments (Brakensiek and Rawls, 1994; Poesen et al., 1990; Rieke-Zapp et al., 2007) . If rock fragments lay on the soil surface, the effect is positive but is negative if the rock fragments are embedded in the soil.
Erosion rate
Rock fragments provided a protective cover over the soil surface, reducing the impact of raindrops and the area subject to the eroding forces of surface water flow (Posen 1999; Zhang et al., 2016; Wang et al., 2012) .
These results do not agree with those presented by Wang et al. (2012) , where the heavier the rainfall intensity, the higher the rock fragment cover requirement for reducing soil erosion rates to negligible values.
Sediment concentration
Many authors reported that sediment yield decreases with increased rock fragment cover (Cerdá, 2001; Rieke-Zapp et al., 2007; Martίnez-Zavala and Jordán, 2008; Wang et al., 2013) . The positive effects of rock fragment cover on reducing sediment concentration may be explained mainly by its effects in protecting the soil surface from raindrop impact, raising the roughness of the surface soil, thereby increasing the consumption of flow energy and increasing the infiltration capacity, which leads to decreased soil loss as the number of rock fragments increases (Li et al., 2017) .
Conclusions
In this study a field experiment was conducted in
Central Chile, to study the effects of rainfall intensity and rock fragment cover on soil hydrological re- 
